Subcarrier multiplexing (SCM) is an attractive technique to deliver broadband services over optical fibres. The existing SCM systems employ an analogue signal for optical transmission and their performance is limited. Pulse time modulation (PTM) is an intermediate technique which offers high performance at a low cost in optical transmission systems. In this paper we present two popular PTM techniques suitable for SCM systems. Theoretical predictions and practical measurements have been used to evaluate system performance. The technique employed has improved the dynamic range and the optical power budget, compared to conventional systems.
INTRODUCTION
As the information hungry customers demand new services, the communication industry is looking at ways of providing broadband services to the home and business environment at an affordable price. The integrated digital services network (ISDN) is already up and running and although initially restricted to the business environment, increasingly the home users are finding ISDN services to be useful and affordable.' The future challenge is to implement a broadband services network to meet the increasing demand for multi-media applications. Telecommunication, cable television and entertaimnent industries are pioneering the move towards a boroadband integrated services network before the turn of the centuiy.2
Mean while in the interim, subcarrier multiplexed systems offer a low cost multiplexing technique to deliver broadband services over optical fibres. SCM systems have evolved from microwave communication technology and offer numerous advantages over the evolving digital technology. The low cost of microwave components is the most significant, while simplicity, upgradability and simultaneous transmission of analogue and digital channels are additional advantages.
SCM systems have been adopted by the cable television industry to deliver analogue video services to residential customers since 1992. It is also used in local area network applications4 and to deliver broadband services.
PROPOSED SYSTEM
The majority of existing SCM systems are based on analogue signal transmission over optical fibre. Analogue systems have poor receiver sensitivities and therefore impose strict noise and non-linearity requirements. As a consequence analogue systems have limited optical power budgets which restrict the transmission distance, the number of subscribers and the number oftransmitted channels.
SCM systems have been widely investigated in order to improve noise and linearity requirements. A technique used by several authors is to employ a second stage modulator to improve the input dynamic range and optical power budget. Grace5 has employed a quantised subcarrier multiplexing approach for the transmission of composite signals over optical fibre networks, but the applications of this method are limited by the speed of the AID converter and cost and 0819419788/95/$6.00 PTM is an intermediate modulation technique with the ability to exploit desirable features of pure analogue and pure digital modulation schemes. PTM has seen a renewed interest with the advent of optical communication and is presently used in video signal transmission and in local area network applications.8'9 The desirable features ofPTM are, a) improved noise immunity and greater tolerance to non-linearity offer excellent receiver sensitivities. b) circuit simplicity and low cost. c) no synchronisation is required at the receiver. d) due to pulse nature of the signal it can be routed through digital channels.
Therefore PTM is an attractive alternative to high cost digital techniques and low performance analogue systems. SCM system performance can be improved considerably, at a low cost by employing a PTM second stage modulator (see Figure 1 ). Here we have incorporated two popular PTM techniques, square wave frequency modulation (SWFM) and pulse frequency modulation (PFM),°" to convert the analogue SCM signal into a pulse signal for optical fibre transmission. In the following sections we present their performance in the delivery of broadband SCM signals, using theoretical analysis and system measurements. In PTM systems pulses at the output ofthe threshold detector are displaced from their original position due to the noise imposed on the pulse edges, known as edge orjitter noise. These pulse displacements result in a noise voltage being present at the demodulator output, thus degrading the SNR.'2 For a PFM system employing single edge detection, and having a raised cosine pulse shape, the pulse slope 13(t5), at the threshold crossing can be expressed as (1) whereA is the peak pulse amplitude and 'r represent the full width ofthe raised cosine pulse.
Using Equation (1) the peak signal to rms noiseratio SNR, can be expressed as
where fi is the modulation index,f is the carrier frequency and CNR is the peak carrier to rms noise ratio.
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Assuming the transmission bandwidth BT, is limited to 1k, the SNR can be re-written as SNR = 2 CNR
Note that SNR analysis ofPFM is also valid for SWFM, provided the rate of change ofthe signal at threshold detection can be represented by Equation 2. If double edge detection is employed, the signal power is increased by a factor oftwo, resulting in a 3 dB improvement in SNR compared to single edge detection systems.
System optimisation
One of the most important parameters ofa communication system is the system fidelity, i.e. the SNR required to deliver adequate signal performance. The SNR ofPFM/SWFM systems may be simplified as SNR=a(/3r)2CNR (3) where a is a constant and r is the transmission bandwidth to carrier frequency ratio. The optimisation ofeach parameter, which effect the SNR, enable adequate signal performance to be delivered at a low cost, without incurring overhead penalties 3.2.1. fl/channel
The value offiis dependent on the transmission capacity and the dynamic range ofthe modulator, in this case a voltage controlled multivibrator (VCM).'° The overall modulation index has to be shared between the number of channels, N, and as the transmission capacity increases the available fifor each channel reduces. The VCM is required to operate in the linear region in order to prevent intermodulation and hannonic distortion. The dynamic range ofthe VCM determine the number ofchannels that can be multiplexed and the fivalue which can be allocated for each channel, without significant non-linear distortion.
The overall modulation index can be defined as a linear (for N<1O) or a mis quantity (for iV1O), depending on the number of channels
Carrier frequency
In PTM systemsjitter noise is associated with threshold crossings.'2 An increase info results in an increased jitter noise contribution, thus reducing the SNR. Minimisingj helps to optimise r, the transmission bandwidth to carrier frequency ratio. But iff is too low the lower sidetones around the carrier fundamental can overlap with the baseband region, resulting in distortion at the receiver. Therefore the optimum sampling ratio is the minimumf which provide an acceptable level ofdistortion at the required value of/I.
The minimum required sampling ratios for both PFM and SWFM is plotted for a range ofdistortion performance levels as a function of /1 in Figure 2 . For a PFM system operating at a modulation index of 1, a sampling ratio in excessof 5 is required to achieve a distortion level of -40 dB in the baseband region, where as for SWFM, to achieve the same level of distortion the required sampling ratio is down to just below 3. This improvement is due to the complete suppression of the spectral structure around the carrier fundamental resulting from double edge detection.
Transmission bandwidth
PFM and SWFM has the ability to trade-off SNR performance against bandwidth, provided the operation is above the carrier to noise threshold level. Figure 3 shows the distribution of PFM signal energy against the transmission bandwidth to carrier frequency ratio, r, atdifferent duty ratios. Assuming the transmission bandwidth is limited to 1k, a simple inverse relationship can be obtained for the duty ratio, Dand ras shown in Figure 3 . In sine wave FM, according to Carson's rule the minimum transmission bandwidth is defined as the bandwidth which contain 98% of the signal energy. The PFM energy distribution shows that when the duty ratio is below 10%, approximately 98% of the PFM signal energy is confined to the rvalue which correspond to a transmission bandwidth of 1k. For duty ratios beyond 10% transmission bandwidth has to be increased beyond 1km order to transmit 98% of the total energy. Therefore at higher duty ratios, band limiting the PFM signal to hr violate Carson's rule but the increase in signal energy beyond hr is minimal provided the duty ratios are kept below 25%. In conclusion we can state that adequate signal performance can be delivered by limiting the transmission bandwidth to 1k, when the duty cycle ofthe PFM signal is kept below 25%.
Results
In order to evaluate the performance ofPTM second stage modulation a prototype system to transmit broadband signals was built. The composite signal consist ofa video channel, two audio channels and a data channel, and details of each channel are presented in Table 1 . The parameters of the optical link are shown in Table 2 . The individual channels were recovered by employing bandpass filtering after PTM demodulation. Figures 4-6 show the performance of individual channels for the PFM system. An average received optical power of-33 dBm was required to deliver an unweighted SNR of4O dB for the video channel. The optical power requirements to meet Audio 1 and Audio 2 specifications were -37.4 dBm and -36.9 dBm respectively. A bit error rate of iO was obtained for the data channel at an average received optical power of 32.3 dBm. For the SWFM system, a 3 dB improvement in SNR was obtained for each channel due to double edge detection.
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Conclusions
The PFM and SWFM modulation techniques for transmitting broadband SCM signals over optical fibre links has been evaluated. The measured SNR and bit error rate for each channel are in close agreement with the predicted values. These results indicate that optical power budget can be improved considerably compared to conventional systems when employing PTM as a second stage modulator.
The proposed technique is particularly attractive for small networks with high performance criterion. It is also an efficient form of multiplexing in PTM systems, since the multiplexing of individual PTM channels is extremely inefficient and limited in capacity.
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